Abstract. Acoustic emission monitoring was completed on a painted aerospace grade steel landing gear component undergoing fatigue loading until rupture. A post-test linear location analysis of the collected signals revealed eleven groups where high activity (greater than 2000 hits) occurred within a defined location, three of which corresponded in location to the position of fracture and final rupture of the specimen. Feature data, such as amplitude, rise-time, energy etc. were used to describe the identified signals in each group. A dimension reduction through principal component analysis of the feature data of all groups was performed. Results showed that high amplitude signals associated with four groups of signals arising from noise could be separated from the fracture groups. However four groups not associated with noise or the known positions of the fracture groups were not separable from the signals attributed to fractures. The paint layer of the specimen was removed and a magnetic particle investigation was completed that showed these four groups coincided with regions of additional fracture in the component.
Introduction
Messier-Dowty are the world's leaders in the design and manufacturer of aircraft landing gear. As part of each new design, the landing gear fitting is required to complete an airworthiness certification test. These tests can last up to five years, with 25% of that time assigned to periodic non-destructive testing (NDT). A method utilising acoustic emission (AE) to monitor the structure during loading (in order to reduce the need for periodic NDT investigations) is currently being researched, with a major aspect of the study being source identification.
Source identification is a complex problem; in a landing gear investigation there are numerous sources of AE such as hydraulic noise, bearing noise, friction between components and movement of sliding tubes. In addition there are numerous propagation paths that can dramatically alter the signal with respect to distance. This paper expands on previous work using Principal component analysis (PCA) of feature data [1, 2] . PCA is a method used to simplify high order data sets to lower dimensions to allow a simple analysis. It is performed by taking a rotation of the data around two orthogonal vectors which describe the largest amount of variance in the data. These are found as the eigenvectors of the data's covariance matrix; the eigenvectors with the largest corresponding eigenvalues are chosen. For a simple explanation of PCA, see Nabney [3] .
In this paper the first investigation of the PCA used to remove noise sources from fracture sources in aircraft landing gear component is presented.
Experimental Procedure
Ten Physical Acoustics Ltd. (PAL) resonant sensors were attached to a landing gear lever link component (Fig. 1) . The lever link was manufactured from aerospace grade steel, which has very high strength but a low fracture toughness which can result in a very small critical crack length. Depending on the stress intensity factor, critical crack lengths in the region of less than 1 mm are possible. Sensors were held in position via magnetic clamps or aluminium 'U' shaped clamps which were glued into position, with foam inserts used to prevent sensor grounding (Fig. 1) . The 'U' shaped clamps were required due to the small width of material around the left hand lugs (Fig. 1 ) and the limited space between the clevis and the specimen. Grease was used as a couplant and installed sensor sensitivity was verified using the Hsu-Nielsen source (pencil lead fractures) technique [4, 5] .
Feature data (amplitude (dB), counts, duration (µs), energy (atto-J) and rise-time (µs) (Fig. 2) ) was recorded using a 16-channel PAL DiSP system with a threshold of 45 dB for the total life of the test investigation. The threshold of the system was chosen to eliminate background noise while still maintaining the ability to record fractures in the component which occur above approximately 50 dB. The threshold however would alter the parameters of rise-time, duration and counts so needs to be kept constant during acquisition. Fig. 3a shows the accumulated location of events, the peak of which coincides with the fatigue fracture and final rupture region, further peaks can also be observed. The amplitude of the detected signals is shown in Fig. 3b on a scatter plot, a grey scale key is shown on the right of the plot. To assess the suitability of the PCA method to distinguish between AE sources, groups of signals were selected. These are shown at the top of Fig. 3a (shown by the shaded grey bars numbered 1-11), and boxed regions in Fig. 3b show the selected amplitude ranges of the regions. 11 groups were selected in total, based on a minimum criterion of 2000 events within a 6.7 mm section (the resolution of the location plot) and their relative positions on the link are shown in Fig. 4 . The final 2000 hits in each group were selected to ensure that signals from fracture growth were included. Feature data for every signal within a group was extracted, and assigned the appropriate group number. A PCA of all grouped signals was completed irrespective of group number and location. The result of the PCA showing the greatest variance in the data is shown in Fig. 5 (The plot has negative axis as standard-normalised mean subtracted data is used). The plot clearly shows an overlapping of certain groups of data, with only one group (group 6) clearly separated. This demonstrates that the PCA is not relying on the amplitude of the detected signal as groups 9 and 11 are also high amplitude and are completely separate from group 6. The fracture region, group 2, is separated from the very high amplitude groups (predominantly above 90 dB which are groups 6, 9 and 10), however this is not very powerful as a data separator, a simple data filter during recording could be used to eliminate high amplitude signals. However group 2 is not separable from groups 3, 4, 5, 7 and 8. Following the completion of the PCA the paint was removed from the component and a magnetic particle inspection (MPI) was completed, the results of which is summarised in Fig. 6 .
Suspected cracking in grease hole
Section removed for microscopic photographs
Multiple cracks developing (largest 1.75mm) Fig. 4 and the data presented in Fig 5 , it is evident that the PCA technique separated all groups associated with fracture from groups associated with noise with the exception of group 7. Possible reasons for this are fracturing in the bush, which was removed prior to the MPI investigation or an error in the location of the signals at the grease nipple as signals from the source could be located between sensors 7 and 8 or 9 and 10. It is not possible to confirm either possibility. The completed investigation has demonstrated the usefulness of the PCA technique, however the detected noise in this uni-axial test is lower than that found in the multi-axial environment of a full landing gear module airworthiness investigation. A current challenge of the research is demonstrating the technique in the full test environment as landing gear structures are designed not to fracture and to validate the approach a fracture needs to be present. A possible method that will be the subject of a future publication is to use a signal generator and wideband transducer to input a signal that resembles a fracture on a landing gear fitting undergoing certification.
Conclusions
The completed investigation has demonstrated the ability of the AE technique to identify fatigue fractures in a landing gear component. Eleven groups of signals were identified based on AE source location. The feature data of the signals was extracted and a PCA analysis was performed, the result of which separated the group associated with final rupture from the groups of high amplitude and one other group possibly related to pin noise. A MPI investigation showed that all groups that could not be separated from the final rupture and fracture source were indeed from previously undetected fractures.
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